RNAi is a potent mechanism for downregulating gene expression. Conserved RNAi pathway components are found in animals, plants, fungi, and other eukaryotes [1] [2] [3] . In C. elegans, the RNAi response is greatly amplified by the synthesis of abundant secondary small interfering RNAs (siRNAs) [4] [5] [6] . Exogenous double-stranded RNA is processed by Dicer and RDE-1/Argonaute into primary siRNA that guides target mRNA recognition. The RDE-10/ RDE-11 complex and the RNA-dependent RNA polymerase RRF-1 then engage the target mRNA for secondary siRNA synthesis [7, 8] . However, the molecular link between primary siRNA production and secondary siRNA synthesis remains largely unknown. Furthermore, it is unclear whether the subcellular sites for target mRNA recognition and degradation coincide with sites where siRNA synthesis and amplification occur. In the C. elegans germline, cytoplasmic P granules at the nuclear pores and perinuclear Mutator foci contribute to target mRNA surveillance and siRNA amplification, respectively [9] [10] [11] . We report that RDE-12, a conserved phenylalanine-glycine (FG) domain-containing DEAD box helicase, localizes in P granules and cytoplasmic foci that are enriched in RSD-6 but are excluded from the Mutator foci. Our results suggest that RDE-12 promotes secondary siRNA synthesis by orchestrating the recruitment of RDE-10 and RRF-1 to primary siRNA-targeted mRNA in distinct cytoplasmic compartments.
From a genetic screen for mutants that failed to silence a transgene (hjIs21), we identified alleles that define rde-10, rde-11, and rde-12 [7] . The RDE-10/RDE-11 protein complex is required for secondary small interfering RNA (siRNA) synthesis and triggers RNAi-induced mRNA degradation by association with target mRNA. Here, we report the molecular cloning and characterization of the rde-12 gene (F58G11.2). The RDE-12 protein is predicted to contain a central DEAD box RNA helicase domain and an phenylalanine-glycine (FG) domain, found normally in nucleoporins, at the C terminus ( Figure 1A and Figures S1A-S1C available online). rde-12 mutant animals were resistant to RNAi against endogenous genes that are normally expressed in the intestine, hypodermis, body wall muscle, or germline, when double-stranded RNA (dsRNA) triggers were delivered by E. coli feeding (Figures 1B and S1D and Table S1 ). Therefore, RDE-12 is broadly required for transgene silencing and exogenous RNAi in C. elegans.
Injection of in vitro-synthesized pal-1 dsRNA into the gonad of adult wild-type animals normally caused 100% embryonic lethality. While injection of high concentrations of dsRNA (100 and 50 ng/ml) caused a similar phenotype in the majority of rde-12 progeny ( Figure 1C ), rde-12 mutant animals were significantly less sensitive than wild-type animals when we lowered the dsRNA concentration (10 ng/ml). In addition, rde-12 mutant animals were partially sensitive to RNAi against act-5 ( Figure S1E ). Our results indicate that loss of rde-12 function causes a dose-dependent defect in RNAi, a phenotype shared by rde-10 and rde-11 mutant animals [8] .
Many small RNA pathway components are localized to cytoplasmic foci. In mammalian cells, Ago2 is localized to cytoplasmic processing bodies (P bodies) [12] , where mRNA deadenylation, decapping, and decay occur [13] . In Drosophila, the Dcr-2/Dicer-interacting protein R2D2 is found in D2 bodies [14] . In C. elegans, microRNA (miRNA)-loaded Argonaute proteins are localized to P bodies, and several other Argonaute proteins and their accessory proteins are localized to the germline-specific P granules [15] [16] [17] [18] [19] [20] . More recently, the Mutator foci were reported to be a compartment for siRNA amplification in the germline [9] .
To determine the localization of RDE-12, we generated single-copy transgenes that expressed a functional translational fusion of GFP and RDE-12. Because these transgenes were able to rescue the Rde phenotype of rde-12 mutant animals, we inferred that the expression level of GFP::RDE-12 was sufficient (Table S1 and Figure S2A ). The GFP::RDE-12 protein appeared to localize in discrete cytoplasmic foci in both the soma and germline ( Figures 1D and S3A) . We determined that wild-type RDE-12 colocalized with PGL-1 in perinuclear P granules in the germline ( Figure 1D ) [10, 11] . In addition, RSD-6, the Tudor domain-containing RNAi effector [21] , was enriched in a subpopulation of RDE-12 foci in the germline and embryos ( Figures 1E and S2C ). We named these foci R2 bodies because they are enriched in both RDE-12 and RSD-6. In contrast, RDE-12 did not colocalize with DCAP-1 or MUT-14 ( Figures 1F, 1G , and S2B). Our results indicate that RDE-12 is excluded from cytoplasmic P bodies and perinuclear Mutator foci, two compartments that have been implicated in mRNA turnover and siRNA amplification, respectively [13, 22] .
The RDE-12 protein contains two domains: the helicase core domain, which is composed of several functional motifs, including the central DEAD box helicase motif and the SAT motif; and the C-terminal FG domain. We first tested how mutations in each of the core helicase motifs affected RDE-12 localization by expressing GFP::RDE-12 translational fusion proteins that bore the following mutations: DEAD mutated to DQAD and SAT mutated to AAA. Both mutant proteins were expressed at levels comparable to the wild-type-rescuing (legend continued on next page) GFP::RDE-12 fusion protein ( Figure S2A ). In the germline, the GFP::RDE-12(DQAD) mutant protein showed reduced localization to P granule foci concomitant with accumulation of large cytoplasmic foci that may represent aggregates (Figure 2A) . In contrast, the localization of the GFP::RDE-12(AAA) mutant was similar to the wild-type GFP::RDE-12 protein (Figure 2B ). These results show that catalytic residues in the helicase domain are not absolutely required for the localization of RDE-12 to P granules.
In contrast, the proper localization of RDE-12 is dependent on its FG domain. The FG domain is enriched in FG repeats and is found in numerous nuclear pore proteins, which are capable of forming hydrogel that may serve as a selective permeability filter [23, 24] . The GFP::RDE-12 fusion protein deleted for the FG domain (DFG) was expressed at levels comparable to the wild-type rescuing GFP::RDE-12 fusion protein ( Figure S2A ). However, the majority of GFP::RDE-12(DFG) failed to localize to P granules and was found in punctate structures adjacent to P granules instead ( Figure 2C ). These punctate structures were also distinct from Mutator foci and P bodies but were highly enriched with RSD-6 (Figures 2D and 2E and S3B). Quantitatively, RSD-6 showed significantly stronger colocalization with GFP::RDE-12(DFG) than GFP::RDE-12 (Pearson's correlation coefficient: 0.725 versus 0.554, p < 0.005, t test). The colocalization of GFP::RDE-12(DFG) with RSD-6 was also observed in early embryos (Figure S2D ). Our results indicate that the FG domain is crucial for maintaining the localization of RDE-12 in P granules.
To determine whether the localization of RDE-12 mutant proteins correlated with their ability to support RNAi, we subjected rde-12 mutant animals that expressed RDE-12(DQAD), RDE-12(AAA), and RDE-12(DFG) to RNAi against the unc-15 gene. Quantification of unc-15 mRNA levels indicated that the RDE-12(DFG) mutant, which was confined to R2 bodies, failed to rescue the RNAi defective phenotype of rde-12 mutant animals, while the RDE-12(AAA) or RDE-12(DQAD) mutants conferred partial rescue ( Figure 2F ). Similar results were obtained when the same panel of animals was subjected to RNAi against pos-1, mex-3, nhr-23, elt-2, and flr-1 genes (Table S1 ). Mechanistically, the RDE-12(DFG) mutant failed to support secondary siRNA synthesis and the RDE-12(AAA) mutant was partially defective ( Figure 2G ; see below). Thus, we favor the model that the FG domain is critical for RDE-12 function by specifying its subcellular localization.
Since RDE-12 is predicted to be an RNA helicase, we hypothesize that RDE-12 may associate with mRNAs that are targeted by RNAi. Indeed, when animals were subjected to RNAi against the elt-2 or dpy-28 gene, the respective mRNA was preferentially bound by RDE-12, on the basis of RNA coimmunoprecipitation assays ( Figure 3A) . We also found that RSD-6, which colocalized with RDE-12 in R2 bodies, specifically associated with mRNAs that were targeted by RNAi ( Figure 3B ). The lower fold enrichment of RSD-6 with target mRNAs may reflect a more transient nature of their association with RSD-6 than RDE-12.
Next, we determined whether RDE-12 required other RNAi pathway components to associate with target mRNAs. Specifically, we performed RDE-12 RNA IP in rde-1, rde-10, and rrf-1 mutant animals that were subjected to RNAi against the endogenous sel-1 gene. The maturation of primary siRNA is blocked in rde-1 mutant animals, while secondary siRNA synthesis in somatic tissues is impaired in rde-10 and rrf-1 mutant animals [6, 25] . We found that RDE-12 could engage target mRNAs in rrf-1 and rde-10 mutant animals but failed to do so in rde-1 mutant animals ( Figure 3C ). Similar observations were made when a second endogenous gene, flr-1, was targeted by RNAi (H.Y., unpublished data). Our results indicate that the association of target mRNA by RDE-12 requires primary siRNAs. RDE-12 in turns acts upstream of RDE-10: the association of RDE-10 with target mRNAs was reduced by 80% in rde-12 mutant animals ( Figure 3D) .
To probe the molecular basis that underlies the exogenous RNAi defect in rde-12 mutant animals, we subjected wildtype and rde-12 mutant animals to RNAi against a somatic gene, sel-1, and profiled small RNAs from two independent populations of synchronized young-adult animals of each genotype by deep sequencing ( Figure 4A ). Each biological sample yielded, on average, w29 million mapped reads ( Figures S4A-S4H ). We found that rde-12 mutant animals contained w50% more primary siRNAs and 60-fold less secondary siRNAs than wild-type animals (Figures 4B and  4C and Table S2 ). Similar results were observed in rde-10, rde-11 mutant animals [7, 8] . Therefore, RDE-12 is necessary for secondary, but not primary, siRNA biogenesis.
Unlike exogenous siRNAs, endogenous siRNAs (endosiRNAs) are derived from native genomic loci [26, 27] . Based on the length and 5 0 nucleotide of the endo-siRNAs and their interacting Argonaute proteins, endo-siRNA pathways can generally be classified into ERGO-1 26G, ALG-3/4 26G, WAGO-1 22G, and CSR-1 22G pathways [16, 17, 19, 28, 29] . These pathways target different populations of genes with little overlap. We measured the abundance of small RNAs in each of the four endo-siRNA pathways in wild-type and rde-12 mutant animals by deep sequencing (Data Set S1) and compiled the results in a MA plot ( Figure 4D ). The abundance of CSR-1 and ALG-3/ALG-4 classes of endo-siRNA remained unchanged. However, we detected more than 2-fold reduction of endo-siRNAs in 38 out of 56 ERGO-1 targets and 29 out of 1,110 WAGO-1 targets in rde-12 mutant animals (Data Set S1). Among the 29 targets of WAGO-1 endo-siRNAs, eight of them also belong to the ERGO-1 class (Data Set S1), and several are classified as targets of soma-enriched endosiRNAs (for example, Y47H10A.5) [19, 30] . With the entire class of endo-siRNAs taken into consideration, the expression level of the ERGO-1 class was reduced, while the CSR-1, ALG-3/ ALG-4, and WAGO-1 classes were not significantly affected in rde-12 mutant animals ( Figure 4E ).
ERGO-1-associated 26G RNAs can trigger the generation of a secondary pool of 22G-RNAs, similar to the amplification of exogenous siRNAs [29, 31] . We focused our analysis on 26G (C) rde-12(qt131) animals were sensitive to RNAi against pal-1 when high doses of dsRNA were directly injected into the gonad. The number of injected animals is n = 8-17. Mean 6 SD is shown. At 100 and 50 ng/ml, wild-type and rde-12 mutant animals were not significantly different. At 10 ng/ml, p < 0.01. and Table S1 .
RNAs that were derived from 23 previously characterized endogenous targets (Data Set S2 and Figure S4I ) [31] . We found that the expression level of the most abundant members of this group remained unchanged in rde-12 mutant animals. However, the level of their corresponding 22G-RNAs was reduced by more than 4-fold ( Figure 4F ). Accordingly, the expression level of five out of six target genes of these 22G endo-siRNAs was increased in rde-12 mutant animals (F) Relative abundance of endogenous unc-15 mRNA in synchronized rde-12(hj41) mutant animals carrying the indicated transgenes when they were subjected to unc-15 RNAi compared to no RNAi control (L4440 vector). The mean + SD from three independent samples assayed in triplicates is shown. (G) Relative abundance of elt-2 22G secondary siRNA in synchronized rde-12(hj41) mutant animals carrying the indicated transgenes when they were subjected to elt-2 RNAi. The mean + SD from three independent samples assayed in triplicates is shown.
( Figure 4G ). This phenotype could be rescued by a wild-type rde-12 transgene. Taken together, our results indicate that RDE-12 is required for secondary amplification of the ERGO-1 class of endo-siRNAs, which mirrors its role in promoting secondary siRNA synthesis in the exogenous RNAi pathway.
In addition to endo-siRNAs, miRNA and Piwi-interacting RNA (piRNA) are abundant small RNAs that are derived from noncoding genomic loci [2, 26, 27, 32, 33] . We compared the representation of miRNA and piRNA in wildtype versus rde-12 mutant animals in our deep-sequencing data sets. We found that the expression of <0.1% miRNA and piRNA was reduced in rde-12 mutant animals. Therefore, RDE-12 is not required for the biogenesis of most, if not all, miRNA and piRNA. Accordingly, rde-12 mutant animals do not have heterochronic or developmental defects that are commonly associated with loss of miRNA function.
In this paper, we identify the DEAD box helicase RDE-12 as a critical factor for secondary siRNA synthesis and efficient RNAi in C. elegans. Our genetic and genomic analyses indicate that RDE-12 engages target mRNA downstream of RDE-1/ Argonaute and promotes subsequent recruitment of the RDE-10/RDE-11 complex [7] , prior to secondary siRNA synthesis by RRF-1/RdRP. RDE-12 appears to define discrete cytoplasmic foci that are distinct from P bodies and Mutator foci. A subpopulation of RDE-12 foci (R2 bodies) is also enriched with the Tudor domain protein RSD-6, suggesting fine spatial division of cytoplasmic compartments for target mRNA engagement and siRNA synthesis. Although repeated attempts to visualize RDE-10 and RDE-11 were unsuccessful, it is plausible that they are present in R2 bodies since RSD-2 can physically associate with RSD-6 and RDE-10 [7, 8, 21] . We propose a model in which the surveillance of mRNA targets, siRNA synthesis, and mRNA degradation occur in multiple populations of perinuclear foci in the germline and their cytoplasmic counterparts in the soma ( Figure S1F ). It is plausible that RDE-12 shuttles primary siRNA bound target mRNAs from P granules to RSD-6-positive foci (R2 bodies), where secondary siRNA synthesis is initiated. The handover of target mRNA by RDE-12 to RDE-10 in R2 bodies may then be followed by FG domain-dependent recycling of RDE-12 to the P granules. Our model predicts that RDE-12 associates with RDE-1, RDE-10, and RSD-6 transiently, perhaps through their cooccupancy of target mRNAs. Taken together, our data reveal unexpected complexity in the molecular and subcellular mechanisms for the amplification of RNAi response in C. elegans.
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